The neuroprotective effects of Δ 9 -tetrahydrocannabinol (THC) were examined using an in vitro model in which the AF5 CNS cell line was exposed to toxic levels of N-methyl-D-aspartate (NMDA), an agonist of the NMDA glutamate receptor. NMDA toxicity was reduced by THC, but not by the more specific cannabinoid receptor agonist, WIN55,212-2. Addition of dibutyryl cAMP (dbcAMP) to the culture medium did not alter the neuroprotective effect of THC and did not unmask a neuroprotective effect of WIN55,212-2. The cannabinoid antagonist SR141716A did not inhibit the neuroprotection induced by THC or alter the response to WIN55,212-2, even in the presence of dbcAMP, indicating that the neuroprotective effect of THC was cannabinoid receptor-independent. On the other hand, both THC and WIN55,212-2 produced cellular toxicology at higher dosages, an effect which was blocked in part by SR141716A. Capsaicin, an antioxidant and vanilloid receptor agonist, also produced a protective effect against NMDA toxicology. The protective effect of capsaicin was blocked by co-application of ruthenium red, but was not blocked by the specific vanilloid receptor antagonist capsazepine, and the transient receptor potential vanilloid type 1 (TRPV1) and ANKTM1 transcripts were not detected in AF5 cells. Thus, the neuroprotective effects of THC and capsaicin did not appear to be mediated by TRP ion channel family receptors. The antioxidant α-tocopherol prevented neurotoxicity in dose-dependent manner. Therefore, THC may function as an antioxidant to increase cell survival in NMDA-induced neurotoxicity in the AF5 cell model, while higher dosages produce toxicity mediated by CB1 receptor stimulation.
Introduction
Cannabinoids, such as the pharmacologically active component of marijuana (-)Δ 9 tetrahydrocannabinol (THC), and the endogenous cannabinoid anandamide, exert a variety of biological actions which are mediated by activation of cannabinoid (CB) receptors [1, 2] , receptors of the transient receptor potential (TRP) family of ion channels [3, 4] , and antioxidant effects which are not mediated by receptors [5] [6] [7] .
One of the most promising potential medical applications of cannabinoids involves their ability to protect cells from a variety of toxic events [8] . Cannabinoids have been reported to protect neurons from death caused by glutamatergic overstimulation, ischemia and oxidative damage [9] . The mechanisms of these cellular protectant effects are not, however, entirely clear. On one hand, there are several studies which suggest that for cell death induced by glutamate, hydrogen peroxide, retinoids, and serum deprivation, the protectant actions of THC are mediated primarily or exclusively by chemical antioxidant effects [5, 7, 10] . For example, Hampson et al. [5] reported that cell death in neuronal cultures induced by stimulation of the AMPA/kainate glutamate receptor was similarly inhibited by THC and by cannabidiol, which does not stimulate CB1 receptors, and that the CB1 antagonist SR141716A did not inhibit the protective effect of either THC or cannabidiol. Marsicano et al. [10] found that alteration of CB1 receptor expression using knockout animals, or gene transfer in the HT22 cell line, did not influence the protectant effect of THC against hydrogen peroxide toxicity in vitro.
On the other hand, THC and the synthetic cannabinoid WIN55,212-2, which does not have an antioxidant effect [5, 7, 10] prevent glutamate-and NMDA-induced neurotoxicity in isolated neurons [11] as well as in the brain [12] via activation of the cannabinoid CB1 receptor [13, 14] . Moreover, El-Remessy et al. [15] investigated the neuroprotective effect of THC in a model of NMDA-induced retinal toxicity. In this model, the effect of THC was partially, although not completely, blocked by the CB1 antagonist SR141716A. Therefore, it appears that in some circumstances THC exerts neuroprotective effects exclusively through nonreceptor mediated antioxidant properties, while in other models or other cell types, stimulation of CB1 receptors by THC or WIN55212-2 can produce neuroprotection. Differences between effects observed in different models may be related to the cell type or model system, and to differences in the toxic events which have been employed.
The purpose of the present study was to further explore the mechanisms of neuroprotection induced by THC, using a neural progenitor cell line model [16, 17] . The AF5 cell line retains its plasticity in culture and possesses some of the characteristics of primary mesencephalic neural progenitors [18] . In the present study, the AF5 cell line was examined for expression of NMDA and CB1 receptors and susceptibility to toxicity mediated by NMDA. NMDA was employed as a toxic agent since most of the studies which have found CB1 receptor-mediated neuroprotection, mentioned above, have employed NMDA-induced toxicity. This model was then employed to assess the neuroprotectant properties of THC and the antioxidants α-tocopherol and capsaicin.
Materials and Methods

Chemicals and Materials
N-methyl-D-aspartate (NMDA), N-methyl-L-aspartate (NMLA), Δ 9 -THC, Hoechst 33342, Ruthenium red, and α-tocopherol were obtained from Sigma (St. Louis, MO). (R)-(+) WIN55,212-2 mesylate salt, (+)-MK-801, Capsazepine, and (E)-Capsaicin were from Tocris Cookson (Ellisville, MO). SR141716A was obtained from the National Institute on Drug Abuse drug supply system. Dibutyryl cAMP (dbcAMP) was from Calbiochem (San Diego, CA). The MTT cell proliferation assay kit was purchased from ATCC (Manassas, VA). RNA STAT-60 was purchased from TEL-TEST (Friendswood, TX). The reverse transcription reagents were purchased from Promega (Madison, Wisconsin). The ECL chemiluminescence kit was purchased from Amersham Biosciences (Piscataway, NJ). The NMDAR1 antibody was obtained from BD Pharmingen (San Diego, CA), ssDNA antibody (MAb F7-26) from Chemicon (Temecula, CA), and the CB1 receptor antibody was obtained from Calbiochem (San Diego, CA). The fluorescein-conjugated anti-mouse IgG antibody (Alexa Fluor 594) was from Molecular Probes (Eugene, OR). The fluorescein-conjugated anti-mouse IgM was from Jackson Immunoresearch (West Grove, PA). TUNEL staining kits were from Roche Applied Science (Indianapolis, IN).
Cell cultures
The AF5 rat mesencephalic cell line, which was immortalized using a fragment of the SV40 large T antigen gene known as T155g, has been described previously [16, 18] . Cultures were maintained in a 5% CO 2 incubator, generally in medium consisting of Dulbecco's Modified Eagle's Medium/Ham's F12 (DMEM/F12, 1:1, Gibco Life Technologies, Gaithersburg, MD), 10% fetal calf serum (FSC), 2 mM L-glutamine, 100U/ml penicillin G, and 100μg/ml streptomycin. Cells were counted and 5x10 4 cells per well were seeded into the wells of 96 multiwell plates for the cell proliferation assay, and 4x10 4 cells per well were seeded into 24 well plates for other experiments. The medium was changed to DMEM/F12 without serum on the next day.
NMDA-mediated toxicity and drug treatment procedures
Cell cultures (2 days in vitro) were washed with Mg2+, Ca 2+ -free Dulbecco's phosphate buffered saline (PBS) solution once and maintained in varying concentrations (5 mM, 7.5 mM, 8.5 mM and 10 mM) of NMDA in vehicle solution, Hanks' balanced salt solution (HBSS) without calcium and magnesium, containing 5 μM glycine at 37°C for 30 min. The medium was then replaced by DMEM/F12 medium without serum and cultures were returned to the incubator and maintained at 37°C for an additional 16-18 h.
For cannabinoid treatment, the cells were first incubated with cannabinoids: WIN55,212-2, or THC in serum-free DMEM/F12 for 6 h, then the media were replaced with media containing varying concentrations of NMDA in HBSS for 30 min. After exposure, cells were cultured in fresh serum-free DMEM/F12 for 16-18 h. For some experiments, 1 mM dbcAMP was added to the culture medium after NMDA exposure and then the cells were incubated for 16-18h. The CB1 antagonist SR141716A, and the TRPV1 antagonists capsazepine and ruthenium red, were first added to the cultures for 20 min. The medium was then replaced with medium containing both the appropriate antagonist and THC or WIN55,212-2 for 6 h prior to NMDA exposure. For capsaicin and α-tocopherol treatment, the cells were first incubated with capsaicin or α-tocopherol alone for 20 min, and the media were then changed to media containing NMDA.
Quantitation of toxicity
Cell toxicity was determined by a colorimetric assay using 3-[4, 5-dimethylthiazol-2-yl]-2-5 diphenyltetrazolium bromide (MTT). Briefly, 5x10 4 AF5 cells were plated in 96-well plates in final volume of 100 μl per well. After stimulation for the period indicated, 10 μl of MTT reagent was added to each well. The plates were returned to the incubator for 2.5 h. Then, 100 μl of detergent reagent was added to each well, and the plates were covered and kept in the dark for 2 h at room temperature (rt). Finally, optical density (OD) was measured at 570 nm. The OD value of the untreated sample was regarded as 100%. Mitochondrial activity results in conversion of MTT to purple formazan crystals which absorb light at 570 nm; thus, loss of cell viability results in decreased OD values.
ssDNA immunostaining
ssDNA immunostaining was performed according to manufacturer's directions (ssDNA MAb F7-26, Chemicon) with minor modifications. Adherent AF5 cells were fixed in methanolphosphate buffered saline (PBS) (6:1) for 24 h at −20°C. After fixation, cells were incubated in 0.25 ml of formamide at 70°C for 5 min. Two ml of 1% non-fat dry milk in PBS was added and the cells were incubated at rt for 15 min. After washing, cells were incubated with 1:10 dilution of mouse anti-ssDNA antibody for 15 min. Single-stranded DNA, which is a specific indicator for apoptotic cell death [19] , was visualized by using fluorescein-conjugated antimouse IgM (1:200, Jackson Immunoresearch). The plates were imaged and analyzed under a Zeiss Axiovert inverted fluorescence microscope (magnification x 200). Numbers of cells positive for ssDNA and total cells (a minimum of 250 cells/group) were counted in a randomly chosen area of each well. Data shown are the means ± S.E.M. of three independent experiments.
Hoechst staining
AF5 cells were fixed with 4% paraformaldehyde for 10 min at rt and rinsed with PBS. The fixed cells were incubated for 10 min in the dark with 100 ug/ml Hoechst 33342. Cells were imaged and analyzed under a Zeiss Axiovert inverted fluorescence microscope (magnification x 200) with a UV excitation filter. Between 250 and 800 cells were counted in each group from six areas chosen randomly, and the experiment was repeated three times.
Terminal deoxynueotidyl transferase (TdT)-mediated dUTP nick-ended labeling (TUNEL)
TUNEL histochemical staining was performed according to manufacturer's directions with minor modifications. Briefly, cultured cells were fixed in 4% paraformaldehyde for 30 min, followed by 0.3% Triton-X 100 permeabilization solution treatment for 2 min. About 150 μl TUNEL reaction mixture was subsequently added to each chamber well to cover the entire bottom. After incubation for 60 min at 37°C, the chambers were removed, and the slides were cover-slipped. For statistical analysis, numbers of positive signals and total cells were counted in a randomly chosen area of each well under a 20X objective lens. About eight areas were counted for each group, and the experiment was repeated three times. Data from the three experiments were collected for statistical analysis.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% triton-X100. After blocking with 5% goat serum, the cells were incubated with mouse anti-NMDAR1 antibody (1:200, BD Pharmingen) overnight at 4°C. Localization of antigens was visualized with an Alexa Fluor 594 goat anti-mouse secondary antibody (1:500, Molecular Probes). PBS was used for washing, dilution of antibodies and blocking buffer. Images were collected by using a Zeiss Axiovert inverted fluorescence microscope (magnification x 200) and photographed with a Cooke SensiCam digital camera. No specific immunoreactivity was present in negative controls incubated with mouse IgG instead of the specific primary antibody.
Western blotting
Cells were harvested and pellets were washed once with ice-cold PBS and resuspended in 0.25 ml of homogenization buffer (0.1% SDS, 1X protease inhibitor in PBS). Suspensions were sonicated for 10 sec. The cell membrane lysates were centrifuged at 10,000g for 15 min at 4°C and the supernatant was collected as the membrane fraction. Membrane fractions containing equal amounts of protein were loaded in each lane and separated on 8% SDS-polyacrylamide gels, and proteins were transferred to nitrocellulose membranes by electroblotting. After blocking with 3.5% non-fat milk and 0.5% BSA in 1x phosphate buffer, the membranes were incubated with primary antibodies against the CB1 receptor (1:500) overnight at 4°C. Subsequently, the membranes were treated with secondary IgG conjugated to horseradish peroxidase (1: 2000) for 1 h at rt. Secondary antibody bound to proteins was detected using the Amersham ECL chemiluminescence kit.
Reverse transcriptase-polymerase chain reaction (PCR) to detect CB1 receptor and TRP receptor mRNA
Total RNA was extracted from AF5 cells using the RNA STAT-60 kit. cDNA was synthesized by using reverse transcription reagents with 1μg total RNA in a 25 μl reaction according to the manufacturer's instructions. For each PCR reaction, 1μl of cDNA template was used in 25 μl of reaction volume with the Taq DNA polymerase. The cycling parameters were 95°C 30 sec, 60°C 30 sec, 72°C 30 sec for 35 cycles. The PCR cycle was preceded by initial denaturation of 2 min at 95°C and followed by a final extension of 10 min at 72°C. The PCR primers were as follows: rat CB1 receptor forward 5′-CAT CAT CAT CCA CAC GTC AG-3′; and reverse 5′-ATG CTG TTG TCT AGA GGC TG-3′. Primers for rat TRPV1 receptor were forward 5′-TGA CCC TCT TGG TGG AGA ATG G-3′ and reverse 5′-TAA GCG ATC ACC TCC AGA ACC G-3′. ANKTM1 primers were selected from ANKTM1 sequences in the mouse gene bank. The primers were forward 5′-AGG ATG TGG TAT ATG AGC CTC TTA-3′ and reverse 5′-TTG AGG AAC AAG GGC AAC ACG-3′. The β-actin "housekeeper gene" was used as an internal control. Primer sequences were forward 5′-TTG TAA CCA ACT GGG ACG ATA TGG -3′; and reverse 5′-GAT CTT GAT CTT CAT GGT GCT AGG-3′. Amplification products were electrophoresed on 2% of agarose gel and stained with ethidium bromide. Photographed images of gels were digitized with a scanner.
Statistical analysis
All cell culture experiments were conducted independently three to six times for each treatment group. Statistical analyses were performed using GraphPad InStat (V 3.05). Data were analyzed by one-way ANOVA and post-hoc Tukey multiple comparison tests. In all cases, differences were considered to be significant when ρ ≤0.05. Data are presented as means ± S.E.M.
Results
NMDA receptor expression and NMDA-induced cell death
AF5 cells were found to express the NMDA receptor using immunocytochemistry, which showed that the NMDA1 receptor protein was present in AF5 cell bodies (Fig. 1A) .
Exposure of AF5 cells to 5 to 10 mM NMDA reduced cell viability in a dose-dependent manner, as measured by the MTT assay (Fig. 1B) . At 7.5 mM NMDA, cell survival was reduced to approximately 40-50% of vehicle-treated cells. Only about 20% of cells survived following exposure to 10 mM NMDA. Co-treatment with 10 μM MK-801, a selective non-competitive NMDA receptor antagonist, substantially blocked the NMDA-induced loss of cell viability (Fig. 1C) .
N-methyl-L-aspartate, the inactive stereoisomer of N-methyl-aspartic acid, in 5 to 10 mM concentrations, had no effect on cell viability (data not shown).
CB1 receptor expression and toxicity of THC and WIN55,212-2
Although the CB1 receptor transcript was previously detected in AF5 cells by microarray analysis [18] , expression of the CB1 receptor in this cell line has not been confirmed. We also tested whether exposure to THC or WIN55,212-2 influenced CB1 receptor expression in AF5 cells. CB1 receptor mRNA was present in AF5 cells and cannabinoid exposure at the maximum non-toxic dosages (see below) did not cause apparent changes in expression of the CB1 receptor or β-actin mRNA ( Fig. 2A) . Western blot analysis revealed that the CB1 receptor protein was detectable in its glycosylated form (60KDa), and there were no apparent changes after exposure to NMDA (not shown), or to THC and WIN55212-2 (Fig. 2B ).
Cells were incubated with varying concentrations of THC or WIN55,212-2 according to the cannabinoid treatment procedure. Significant toxicity as measured by MTT was produced by THC at doses of 7.5 μM and higher (Fig. 2C) and by WIN55,212-2 at 10 μM (Fig. 2D ). THC at 3 μM and WIN55,212-2 at 5 μM were not toxic ( Fig. 2C and D) and were therefore used for subsequent experiments on neuroprotective effects.
To determine whether the toxic effects of THC and WIN55,212-2 were CB1 receptor-mediated, we tested whether the specific CB1 receptor antagonist SR141716A could block the toxic effects of THC and WIN55,212-2. SR141716A partially blocked the toxic effect of 8.5 μM THC, but was not effective for the higher concentration of THC (10 μM). When cells were treated with SR141716A prior to incubation with 10 μM WIN55,212-2, the toxic effect of WIN55212-2 was almost completely abolished (Fig. 3). 
TRP receptor expression
Because the transient receptor potential (TRP) ion channel family proteins TRPV1 and ANKTM1 have been reported to mediate some cannabinoid effects, we also tested the AF5 cell line for expression of these receptors. RT-PCR was employed using rat TRPV1 primers and primers for mouse ANKTM1. Expression of the TRPV1 receptor and the ANKTM1 receptor was not detected (not shown).
NMDA-induced toxicity is prevented by THC but not WIN55,212-2
Figures 4 and 5 represent the overall means (± S.E.M.) of MTT assay data. Figure 4A shows a dose-response curve for neuroprotection induced by THC or WIN55,212-2 against 7.5 mM NMDA measured by MTT assay. THC prevented NMDA toxicity in a dose-dependent manner. WIN55,212-2 had no protective effect, either at lower or higher concentrations. Both cannabinoids produced toxic effects at 10 μM, consistent with the results shown in Fig 2A and B for cells treated with the cannabinoids alone. Neuroprotective effects of the maximum nontoxic doses of THC and WIN55,212-2 were compared for two concentrations of NMDA. As shown in Fig. 4B , the cell loss induced by 7.5 mM NMDA was almost completely prevented, and cell loss caused by 10 mM NMDA was greatly reduced by 3 μM THC. In contrast, WIN55,212-2 did not protect against NMDA-induced toxicity for either dose of NMDA. Addition of dbcAMP after NMDA removal did not increase the neuroprotection induced by THC and not unmask a neuroprotective effect of WIN55,212-2 (data not shown). Figure 5 reveals that THC showed a neuroprotective effect in the presence of the specific cannabinoid receptor antagonist, SR141716A (2μM); however, SR141716A itself did not affect cell survival. Also, SR141716A did not inhibit the neuroprotective effect of THC even in the presence of 1 mM dbcAMP after NMDA exposure (data not shown).
The efficacy of THC or WIN55,212-2 in preventing apoptosis induced by NMDA was tested using a ssDNA assay and TUNEL. As shown in Fig. 6A , THC (3 μM) attenuated the NMDAinduced increase in cells positive for ssDNA at 7.5 mM and 10 mM concentrations. WIN55,212-2 did not decrease ssDNA staining after exposure to NMDA. Statistical analysis (Fig. 6B) showed that 3 μM THC improved cell survival to about 40% for the 7.5 mM NMDAtreated group. This dose of THC also caused a smaller but significant protection against ssDNA staining induced by 10 mM NMDA. WIN55,212-2 did not have a protective effect.
A typical result from one of three independent TUNEL assays is shown in Fig. 7A . Very few TUNEL-positive cells were observed in control wells while NMDA caused a marked increase in the number of TUNEL-positive cells. As shown, about 61% and 97% of cells were positive for TUNEL after 7.5 mM and 10 mM NMDA treatment, respectively. Protection was seen in the THC-treated groups, particularly for 7.5 mM NMDA. There was no protective effect of WIN55,212-2. The quantitative results are shown in Fig. 7B. 
Effects of capsaicin, capsazepine, ruthenium red, and α-tocopherol
The neuroprotective effect of THC was mimicked by capsaicin (1μM -10 μM) in a dosedependent manner (Fig. 8A) . The competitive TRPV1 antagonist capsazepine (10 μM) did not, however, block the neuroprotective effect of THC for either the 7.5 mM or 10 mM doses of NMDA (Fig. 8B) and it also did not block the protective effect of capsaicin (data not shown). Ruthenium red (1 μM), a channel blocker and inhibitor of vanilloid responses, blocked the protective effect of THC on NMDA-induced excitotoxicity for both the 7.5 mM and 10 mM concentrations (Fig. 8C) . Neither capsazepine or ruthenium red altered the response to WIN55,212-2.
Finally, we investigated the effects of the antioxidant α-tocopherol. α-tocopherol alone did not affect cell viability in concentrations of 30-300μM (not shown). α-tocopherol attenuated NMDA toxicity in a concentration-dependent manner, but also produced increased toxicity at high concentrations (1000 μM) (Fig. 9A) . Figure 9B shows a comparison of THC, capsaicin and α-tocopherol for prevention of NMDA toxicity.
Discussion
The present study demonstrates that the AF5 cell line can be employed to investigate the effects of neuroprotectants against NMDA-induced neurotoxicity. The AF5 cell line expresses functional NMDA1 receptors and is vulnerable to toxicity induced by exposure to NMDA in high concentrations. NMDA-induced toxicity was blocked by the NMDA antagonist MK-801, and the inactive stereoisomer of NMDA, N-methyl-L-aspartate, was inactive. These results suggest that NMDA-induced cell death in AF5 cells is mediated by stimulation of NMDA receptors.
The AF5 cell line was found to express both the CB1 message and the CB1 receptor protein.
Nevertheless, THC produced a neuroprotective effect, as measured by both cell viability and apoptosis assays, whereas WIN55,212-2 was ineffective. The mechanisms through which THC and WIN55,212-2 exert neuroprotective effects are apparently complex [13] . Several studies have shown that WIN55,212-2 and THC, both of which are CB1 receptor agonists, exert similar neuroprotective effects against glutamate-or NMDA-induced neurotoxicity in isolated neurons [11, 14] or in the brain [12, 20] . These effects are mediated by activation of the cannabinoid receptor subtype CB1, as evidenced by blockade with SR141716A. A recent study by Hampson and Grimaldi [21] showed that cannabinoids were neuroprotective in vitro only when dbcAMP or forskolin was added to the culture medium. In the present model, however, dbcAMP did not alter the response to THC or not unmask a neuroprotective effect of WIN55,212-2. Also, the neuroprotection produced by THC was not blocked by the CB1 receptor antagonist SR141716A, even in the presence of dbcAMP after NMDA exposure. SR141716A also did not alter the response to WIN55,212-2. Therefore, in the present model the neuroprotective effect of THC against NMDA-induced cell death did not appear to be mediated by CB1 receptors.
In the present study, both THC and WIN55,212-2 produced toxic effects in AF5 cells at higher concentrations; especially, THC produced a toxic effect at doses which were about 2-3 fold higher than those which were neuroprotective. The toxic effects of THC at 8.5 μM and WIN55,212-2 at 10 μM were partially blocked by the CB1 receptor antagonist, SR141716A. Therefore, the toxic effects of both THC and WIN55,212-2 were at least in part related to CB1 receptor stimulation. Several prior studies directly or indirectly suggest that THC can be neurotoxic. Toxic effects of THC as measured by brain morphology or function have been reported [22] . Toxic effects on neurons which are mediated by CB1 receptor activation have also previously been identified [22, 23] . Notably, Chan et al. [23] found that THC was toxic for cultured hippocampal neurons in concentrations similar to those which we found to be toxic for AF5 cells in the present study. Non-toxic doses of THC and WIN55,212-2 were, however, used for neuroprotection experiments in our study.
Some endogenous cannabinoids, such as arvanil, afford protection against oubain-induced in vivo excitotoxicity through activity at both the CB1 receptor and vanilloid receptor 1 (VR1), also termed TRPV1 [24] , which is a member of the transient receptor potential (TRP) ion channel family. The ANKTM1 receptor was recently identified as a new member of the TRP channel family [25] , and a receptor for THC [4] . The ANKTM1 receptor is likely to be responsible for non-CB1, non-VR1 mediated effects of THC on calcitonin gene-related peptide release in sensory neurons reported earlier by Zygmunt et al. [26] . VR1 (or TRPV1) is the only receptor which is known to be activated by capsaicin [3] . We did not detect either the ANKTM1 or TRPV1 receptor in AF5 cells. Capsaicin produced a neuroprotective effect in AF5 cells, which was not blocked by the VR1 antagonist capsazepine. Therefore, it is not likely that neuroprotective effects produced by THC or capsaicin in the AF5 cell line involves receptors of the TRP ion channel family.
On the other hand, in certain model systems THC can produce receptor-independent neuroprotective or cellular protective effects at micromolar concentrations as a result of its antioxidant properties [5, 7, 10] . Interestingly, Marsicano et al. [10] directly measured the antioxidant properties of WIN55,212-2 using protein and membrane preparations, and showed that it does not have an antioxidant effect. This finding is consistent with the lack of neuroprotective effect of WIN55,212-2 in the present study. Nevertheless, Nagayama et al. [12] found that WIN55,212-2, which had a receptor-mediated stereoselective neuroprotective effect in vivo, had a non-stereoselective neuroprotective effect against hypoxia in vitro, and this protective effect was not shared by THC. This in vitro neuroprotective effect of WIN55212-2 [12] would not seem to be consistent with either an antioxidant effect, ANKTM1 receptor effects, or CB1 receptor stimulation.
Capsaicin has also been reported to have antioxidant effects at micromolar concentrations [27] [28] [29] . In comparison to α-tocopherol, capsaicin is approximately 15-25 times more potent as an antioxidant [27, 28] . We also examined α-tocopherol in the AF5 cell model, and found that it was neuroprotective in concentrations that were approximately consistent with the relative antioxidant potency of capsaicin. THC was, however, more effective than either compound, producing a more complete protective effect in lower concentrations than either capsaicin or α-tocopherol.
The response to THC was blocked by ruthenium red. Ruthenium red is a functional and nonselective antagonist of VR1 receptors, in addition to blocking ANKTM1 receptor function [4] . Ruthenium red has a number of effects on ion transport, including inhibition of ion channels other than members of the TRPV family [30] , and inhibition of mitochondrial calcium transport [31, 32] . Thus, the combination of ruthenium red and THC may produce complex changes in intracellular calcium levels that negate the beneficial effect of THC alone [33, 34] . It does not appear that the effect of ruthenium red in the present study was likely to have been related to antagonism of TRPV1 or ANKTM1 receptors.
In conclusion, THC produces a potent neuroprotective effect in AF5 cells which appears to be mediated by antioxidant properties and is independent of the cannabinoid receptor CB1. The neuroprotective effect of THC is shared by capsaicin and α-tocopherol, but not WIN55,212-2. Because of the toxic effect of THC at higher doses which is mediated by CB1 receptor activation, development of the neuroprotective antioxidant cannabinoids which lack CB1 receptor efficacy may be the most useful route for the application of cannabinoids in preventing neurodegenerative disorders related to oxidative stress or excitotoxicity. The AF5 cell line may be a useful in vitro model to investigate neuroprotective and toxic mechanisms of cannabinoids, antioxidants, and drugs to block glutamatergic neurotoxicity through CB receptor-dependent or non-CB1 receptor pathways. Neuroprotection induced by THC was CB1 receptor-independent. The CB1 receptor antagonist SR 141716A (2 μM) did not abolish neuroprotection by THC from NMDA-induced toxicity. *** and +++ indicate p< 0.001, respectively, as compared to 7.5 mM NMDA or 10 mM NMDA alone. Data are means ± S.E.M. THC attenuated TUNEL staining induced by NMDA. (A) Few TUNEL-positive cells were found in untreated cells. NMDA treatment at both 7.5 and 10 mM concentration caused increases in TUNEL-positive cells. Significant protection from NMDA toxicity was found only for THC-treated cells, particularly for the 7.5 mM NMDA treated group. Scale bar = 100um. (B) Quantitative analysis of cannabinoid-induced protection as measured by TUNEL staining. THC produced a significant neuroprotective effect. *** p< 0.001 and ++ p< 0.01 for THC compared to the respective controls. (Fig. 4) , capsaicin ( Fig. 8A ) and α-tocopherol for their ability to prevent glutamate toxicity in neurons. The effects of THC (3 μM), capsaicin (10 μM) and α-tocopherol (300uM) were examined. The total OD value of control group was normalized to 100%.
